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networked nanocrystalline olivine cathode for Li-ion
full cells
P. Manikandan, P. Periasamy and R. Jagannathan*
A sol–gel synthesis using adipic acid yielded small particles of around 20 nm in size of olivine LiFePO4/C
cathode materials. In the characterization of cathode system(s), solid state impedance spectra of the
pristine LiFePO4/C cathode revealed clear localization of charge through charge build-up.
When networked with MWCNT, this material facilitates enhancement in charge mobility, eventually
explaining the capacity enhancement of the LiFePO4/C–MWCNT electrode, which yields a high capacity
of 163 mA h g1 at C/10. On the other hand, the lower capacity of 125 mA h g1 found for the pristine
LiFePO4/C electrode material can be explained in terms of charge becoming localized/trapped in the
vicinity of inter- and intra-granular regions of the cathode particles. To get a broader view of the
application potential (in terms of cell voltages of 3 V, 2 V, and safety aspects) of the networked
cathode materials, two kinds of Li-ion full cells using mesocarbon microbeads (MCMB) and Li4Ti5O12 as
anodes were fabricated, which yielded capacities of 1.94 and 2.1 mA h respectively.1. Introduction
Li-ion batteries used as energy sources for multifarious appli-
cations employ layered LiCoO2, LiNi1/3Mn1/3Co1/3O2 and also
spinel LiMn2O4 oxide ceramics as cathode systems. However, a
variety of cathode materials are currently being researched to
address challenges related to at cell voltage, cyclability, cost
and toxicity issues.1 In this scenario, the olivine-type LiFePO4
system has an edge over other cathode systems owing to the
occurrence of two inherently robust chemical phases that arise
in covalent orthorhombic phosphate phases, namely LiFePO4
and FePO4, upon electrochemical cycling, and the propensity
for chemical breakdown of the host constituents is very
pronounced during electrochemical cycling.2 Furthermore,
another challenge is the stability of the cathode(s) during the
operation of batteries in arrays, leading to excessive heat
generation.3 Because of its more stable three dimensional
structure, the LiFePO4 system can endure both chemical
breakdown upon cycling as well heat generation, which makes
this system an ideal candidate as a prospective structurally
stable cathode, with immense potential for applications.
However, the dismal electronic4,5 and ionic conductivities6,7 of
this olivine-type cathode system are the major limiting factors
on the capacity of the electrochemical power system. These
shortcomings can be overcome through surface coating,8,9
aliovalent doping10,11 and size miniaturization.12–14 In thismical Power Sources Division, Central
CSIR), Karaikudi 630 006, T. N., India.
65227713; Tel: +91 9487167780
emistry 2013context, it is signicant to highlight the insightful, exhaustive
review centering on the diﬀerent strategies adopted for the
surface coating of LiFePO4 cathode systems, eventually aiming
at great enhancement of the cathode performance.15 The
miniaturization to the nanoscale of these particles is signi-
cant, as this can decrease the diﬀusion length of Li ions, facil-
itating eﬃcient Li ion transportation16 in the cathode material.
Although particle size reduction down to the nanoscale
(30 nm) may enhance the transportation of Li ions,17 poor
particle to particle contact eventually reduces the conductivity,18
which is a major consequence that needs to be addressed.
In order to address these issues, in this study we have
attempted the synthesis of small olivine cathode materials
(B around 20 nm) through a sol–gel route employing adipic
acid, for the reason that the organic fuel might leave more
residual carbon following thermolysis in addition to resulting
in ultra ne nanoparticles. The unique feature of the present
report is that here the average particle size is much smaller than
in previous reports19 which yielded larger particles (100 nm),
even though they used the same chelating agent.20,21 It has
previously been reported that embedding pristine cathode
particles in functionalized multi-walled carbon nanotubes
(MWCNTs)22 results in remarkable cell performance. Quite
recently there has been extensive research demonstrating the
importance of pure, doped CNTs when networked with olivine
cathodes to achieve higher capacities.23,24 The lithium battery
community (using LiFePO4 cathodes) has attempted to achieve
higher capacity and rate capability through networking with
conducting carbon in several forms, including carbon ber,J. Mater. Chem. A, 2013, 1, 15397–15405 | 15397
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View Article Onlinegraphene and MWCNTs, etc. However, in terms of electrical
conductivity, surface area and aspect ratio, MWCNTs have clear
advantages over other forms of conducting carbon.15,25,26 In view
of these outstanding features, we have chosen MWCNTs as the
networking medium for the synthesized cathode particles.
Accordingly, in this study we compare the results of pristine and
MWCNT networked cathode systems. Also, to gain further
insight into the mechanism responsible for the enhanced
performance of the cathode materials, we have investigated
these systems using solid state impedance spectroscopy. The
scope of the present investigation is further widened with the
fabrication of mesocarbon microbeads (MCMB) vs. LiFePO4/C–
MWCNT and Li4Ti5O12 vs. LiFePO4/C–MWCNT Li-ion full cells.Fig. 1 Scheme of the synthesis of LiFePO4/C, and networking with MWCNTs.2. Experimental
A stoichiometric amount of FeC2O4$2H2O (Alfa Aesar) was dis-
solved in 1.5 MHNO3 (Merck). 2 M adipic acid aqueous solution
(at 50 C) was added drop by drop to this solution, followed by
vigorous stirring for 5 h. Subsequently, LiNO3 was added slowly
to the mixture solution, and nally NH4H2PO4 was added. This
solution was subjected to homogenization with stirring and was
allowed to remain at 85 C for 6 h, resulting in gel formation,
which was dried at 110 C for 12 h. Then the dried gel was
subjected to decomposition, thermolysis at 400 C for 2 h,
followed by calcination at 700 C for 1 h in an Ar atmosphere,
leaving a highly uﬀy mass as the product, comprising both
LiFePO4 and residual carbon. For this reason, we labelled the
thermolysis product as LiFePO4/C. Aer this, the as-synthesized
material was embedded in functionalized 5% MWCNT (Sisco
Research Lab Chemicals: MWCNT type 2, outer diameter: 8–
15 nm, length: 10–30 mm, assay: 95%, conductivity: 1–4 
102 S cm1) in HNO3 through sonication for 2 h in an ethanol
medium. Finally, the resulting LiFePO4/C–MWCNT material
was heated at 80 C for 5 h. This sol–gel synthesis route is shown
schematically in Fig. 1.
The crystal structure of the prepared samples was analyzed
by X-ray diﬀractometry using a Bruker D8 Advance X-ray
diﬀractometer with a Cu Ka X-ray source (l ¼ 1.5418 A˚).
Measurements were recorded in the 2q range 10–80, and the
XRD data were rened using a least squares data renement
program. The morphology of these particles was examined
using a Hitachi S-3000H transmission electron microscope
(TEM), and the corresponding selected area electron diﬀraction
patterns (SAED) were also recorded. The amount of residual
carbon present in the thermolysis product was analyzed using a
CHNOS elemental analyzer (Elementar, Vario EL III) and was
found to be around 6.5%. Solid state and electrochemical
impedance spectroscopy (EIS) analyses were carried out for both
the cathode materials and the fabricated electrochemical cells
using a VM3 Multichannel electrochemical workstation over a
frequency range of 5 mHz to 1 MHz.
All electrochemical characterizations were carried out using
a CR-2032 cell conguration. Coin cells (half cells) were
assembled using lithium foil (thickness: 0.75 mm) as the anode
and the synthesized LiFePO4/C or LiFePO4/C–MWCNT mate-
rials coated on Al foil as the cathode. In an attempt to examine15398 | J. Mater. Chem. A, 2013, 1, 15397–15405the complete performance of the synthesized cathode system,
the electrochemical study was extended to the fabrication of
Li-ion full cells with Celgard 2340 separator using negative
electrodes of mesocarbon microbeads (MCMB, commercial
sample obtained from Lin Yi DaKe Trade Co. Ltd, Grade: H1) or
Li4Ti5O12, and a positive electrode of LiFePO4/C–MWCNT. In
this cell design, a 1 M solution of LiPF6 in 1 : 1 (v/v) ethylene
carbonate, dimethyl carbonate (EC–DMC) mixture was used as
the electrolyte. For the Li-ion Li4Ti5O12 vs. LiFePO4/C–MWCNT
full cell studies, Li4Ti5O12 nanopowder was synthesized by aThis journal is ª The Royal Society of Chemistry 2013
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View Article Onlinesolution–combustion synthesis using titanyl nitrate [TiO(NO3)2]
and LiNO3 as the oxidant precursors and glycine as the fuel, as
in our earlier report.27
Furthermore, the anodes were fabricated by doctor blade-
coating a slurry comprising 80% of the material (MCMB,
Li4Ti5O12), 15% super carbon (SP-carbon, Timcal) and 5% poly-
vinylidene uoride (PVdF) binder in N-methyl-2-pyrrolidone
(NMP) coated onto copper foil (9 mm). The two kinds of cathode
slurries prepared in this study had the relative compositions
(wt%) of cathode sample : MWCNT : SP-carbon : PVdF (NMP)
in the ratios of 80 : 0 : 15 : 5 (for pristine LiFePO4/C) and
80 : 5 : 10 : 5 (for the LiFePO4/C–MWCNT networked cathode).
To fabricate the electrodes, these slurries were coated over
aluminum foil (15 mm) and dried at 85 C for 12 h in a vacuum
oven. The area, thickness and weight of the positive electrode
were 1.54 cm2, 75 mm and 12.3 mg (active material, 80%),
respectively, to obtain two kinds of cells, Li-ion half cells (Li vs.
LiFePO4/C, Li vs. LiFePO4/C–MWCNT) and Li-ion full cells
(MCMB vs. LiFePO4/C–MWCNT, Li4Ti5O12 vs. LiFePO4/C–
MWCNT). In the Li-ion full cells, the negative : positive weight
ratios of active material were 0.5 : 1 (MCMB : LiFePO4/C–
MWCNT) and 1 : 1 (Li4Ti5O12 : LiFePO4/C–MWCNT). The cells
were assembled in an argon-lled glove box (mBRAUNMB200G)
with oxygen and moisture levels less than 0.1 ppm. Galvano-
static charge–discharge studies were carried out in the voltage
range 2.5–4.5 V and 1.0–2.5 V at C/10, 1 C, 2 C, 3 C and 5 C rates
at room temperature using an Arbin multichannel cycler
instrument (BT2000).3. Results and discussion
3.1. Structural analysis
The present synthesis based on sol–gel thermolysis produced
well grown, single phase LiFePO4/C nanocrystalline particles.
The corresponding powder XRD pattern yielded diﬀraction
planes that could be indexed to the orthorhombic space groupFig. 2 X-ray diﬀraction pattern of LiFePO4/C–MWCNT including the reﬁned
crystallographic cell parameters (a, b, c), consistent with JCPDS #40-1499.
This journal is ª The Royal Society of Chemistry 2013Pnma, corresponding to the standard olivine LiFePO4 system, as
can be seen from the pattern of JCPDS #40-1499 in Fig. 2,
showing the pattern of LiFePO4/C–MWCNT as a representative
example. On closer examination of this XRD pattern, the sharp
lines observed suggests the highly crystalline nature of the
sample, apart from secondary impurity phase(s). Furthermore,
the rened crystallographic unit cell parameter values a ¼
5.996, b ¼ 10.319 and c ¼ 4.694 A˚, deduced using a simple least
squares renement program (generated by Roy G. Garvey,
Department of Chemistry, North Dakota State University, USA),
showed good agreement with standard values as shown in
Fig. 2.
The particle morphology of the as-synthesized particles
shown in the TEM images showed nanoparticles of irregular
polyhedral morphology. Although these cathode particles are
agglomerated, we can make a reasonable estimate of the
average size of the particles from the size information based on
individual isolated particles, as marked in Fig. 3(i) and (iii),
which is found to be around 20 nm for both pristine LiFePO4/C
and LiFePO4/C–MWCNT. In the case of former, there are iso-
lated cathode particles lacking face to face contact through
carbon particles (6.5%) occurring as a result of the thermol-
ysis reaction. On the other hand, in the latter case, there is an
obvious increase in the face to face contact between particles
through MWCNT networking. Another salient feature revealed
in the SAED patterns of both the pristine and networked
nanoparticles (with the incident electron beam along the [111]
direction) is the occurrence of diﬀraction spots resembling
parallel lines (Fig. 3(ii) and (iv)). This may suggest some kind of
orientation in the faces of the granular LiFePO4/C nano-
particles. Hence, it is reasonable that problem of the lowFig. 3 Nanoparticle morphology observations from TEM images and corre-
sponding SAED patterns for LiFePO4/C (panel (i) and (ii)) and LiFePO4/C–MWCNT
(panel (iii) and (iv)).
J. Mater. Chem. A, 2013, 1, 15397–15405 | 15399
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View Article Onlineelectronic conductivity of this potential cathode nanomaterial
can be mitigated through embedding the cathode nano-
materials in MWCNTs to form a networked frame structure,28 as
the MWCNTs provide an easy conducting path for electrons.17
Eventually this networking with the conducting MWCNTs
provides a copious supply of electrons at the electrochemical
reaction sites, i.e. the Fe2+/3+ sites of the cathode.3.2. Insights from solid state electrode and electrochemical
cell impedance characteristics
Motivated by the clear evidence on the role of cathode cong-
uration and its constituents in the enhanced electrochemical
performance (as would be seen in the coming sections), solid
state impedance studies were focused on the actual electrode
used for cell fabrication. Detailed examination of the obtained
impedance characteristics can be divided into two sections, the
low and high frequency regions. At the high frequency end (0.1–
1 MHz), we observe a precise inductive loop with reverse
curvature, identical in both cases (Fig. 4, le sub-panel), which
is a clear attribute of inductive impedance. This may stem from
the sole ferromagnetic iron (Fe) species with high spin
becoming prominent at high frequencies, resulting in an
identical pattern for both electrodes. However, at the low
frequency end (1–1000 Hz) there is a substantial diﬀerence in
the solid state electrode impedance characteristics between the
cathodes made using the LiFePO4/C and the LiFePO4/C–
MWCNT systems. From a simple glance at the impedance
spectra given in Fig. 4a, a signicant three-fold drop in ohmic
resistance is observed for the networked system. From Fig. 4a,
we nd that the diameter of the semicircular impedance prole
representing the ohmic resistance of the materials decreases
from 2125 U for the pristine system to 800 U when networked
withMWCNT. Obviously, the higher R and C values observed for
the pristine LiFePO4/C system are the result of the constrained
ow of charge due to possible trapping at the numerous defect
centers present in the inter- and intra-granular regions of the
cathode particles. Furthermore it should be borne in mind that
the drop in R value observed for the networked system will
result in the minimization of undesirable localized Joule heat-
ing of the electrode. In order to explain the simple physical
meaning of diﬀerent components of the tted impedance
equivalent circuits, the emergence of various resistor, R, and
capacitor, C, components can be pictured in terms of the
pronounced diﬃculty for the ow of charge carrier in a given
medium and localization, or accumulation of charge at a given
point, respectively. The appearance of an inductance, L,
component in a given equivalent circuit can be attributed to the
presence of a magnetic species opposing the change, which is
pronounced at high frequencies.
The entire impedance proles could be reasonably tted
using simple equivalent circuits (c2 ¼ 8.285  103) with R and
C parallel Vogit element constituents (Fig. 4a). However, there
was signicant residue observed only in the prole corre-
sponding to the pristine LiFePO4/C electrode remaining unt-
ted, i.e. the ‘fuzzy’ region of the impedance curve in the low
frequency region (indicated using the shaded arrow in Fig. 4,15400 | J. Mater. Chem. A, 2013, 1, 15397–15405right sub-panel). This eﬀect observed in earlier reports from
other research groups29,30 in spite of the focus on extensive
impedance studies of cathodes. These reports also present a
fuzzy impedance prole at the low frequency end for the
investigated electrodes. A cursory glance at the impedance
prole corresponding to the LiFePO4/C cathode at the low
frequency end suggests that the residue could not be tted by a
simple RC element, which is intriguing. This may suggest
additional impedance components; in particular, the presence
of non-linear residue is a clear indicator of a capacitor element
which may stem from a kind of charge build-up. Accordingly, as
depicted in the right sub-panel of Fig. 4, impedance tting was
attempted conned to the fuzzy region. The best tted value
(c2 ¼ 8.488  104) was possible only when using additional
impedance components preceded by the “+” sign, namely +R1 ¼
2060 U, +R2 ¼ 72.02 U, +C1 ¼ 20.6  109 F, and +C2 ¼ 7.32 
106 F, oﬀering high impedance value as given in Table 1(i).
Accordingly, it is reasonable to expect that the high resistance
observed would decrease the mobility of charge, while the
increased capacitance value may be the result of the clear
localization of charge. On the other hand, in the case of the
LiFePO4/C–MWCNT electrode, there is no such fuzzy imped-
ance prole in the low frequency region, and the prole could
be tted using a simple RC combination (Table 1(ii)) with a
good t (c2 ¼ 3.917  102).
Alternatively this low-frequency fuzzy impedance prole can
be seen to have an electronic origin, for the simple reason that
when the electrode material is networked with MWCNT, a well
established facilitator of electronic conductivity, this phenom-
enon disappears. That is, the electronic contribution which
otherwise appears as charge build-up nds an easy path for
relaxation rather than becoming trapped at the inter- and intra-
grain boundary regions of the granular electrode material
(Fig. 4b). The charge mobility may be further enhanced in an
electrode system made of nanograins/crystallites showing
specic directionality, as the propensity to form a charge
gradient is minimal in this scenario. From the tted impedance
parameters (Table 1 and Fig. 4a) for the entire frequency region
and the logistics generated from them, we observe that there are
numerous capacitor elements, of which the one with label C2
indicates a several orders of magnitude higher charge storage
ability, in addition to these capacitors acting as traps for the free
owing charge to achieve high electrochemical capacity.
Networking the electrode material with MWCNT may help to
overcome this bottleneck for the unhindered ow of charge.
Furthermore the negative impedance components L1¼0.98
106 H and C4 ¼ 5.28  109 (Table 1(ii)) can be rationalized
as the reversal of the charge ow direction/spin component.
Furthermore, it is imperative to explain the origin of the
capacitor elements acting as charge reservoirs or traps. The
interfacial regions of the granules of the electrode act as a space
charge layer, apart from the less conductive grain-core and the
interior regions coupled with other electrostatic parameters, as
can be visualized through the relation.31l ¼ Ok30RT/2CNZ2F2 (1)This journal is ª The Royal Society of Chemistry 2013
Fig. 4 Solid state impedance characteristics of the cathode systems: (a) comparison of the Nyquist impedance plots of (i) LiFePO4/C + SP-carbon + PVdF and (ii)
LiFePO4/C–MWCNT + SP-carbon + PVdF electrodes with ﬁtted equivalent circuits in the frequency range of 1MHz to 1 Hz. The presence of inductance loop appearing in
the high frequency region is shown in the left sub-panel. In the low frequency region, the fuzzy impedance proﬁle ﬁtted with additional circuits is shown in the right
sub-panel (indicated by the + sign); (b) scheme of the various capacitor components (charge localization mechanisms) possible in the inter- and intra-grain boundary
regions of the LiFePO4/C electrode.
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View Article Onlinewhere k is the dielectric constant of the medium, Z is the
number of charges on the defect, CN is the molar concentration
of the defect far from the interface and 30, R, T and F are
constants. This report gives clear experimental evidence of the
localization of charge, resulting in low capacity versus high
capacity through the enhanced mobility of charge, which may
open up newer possibilities in the design of cathodes for Li-ion
batteries.
Furthermore, to understand themechanisms responsible for
the capacity enhancement, electrochemical impedance spectra
(EIS) of the cells were also recorded for the cells fabricated with
both types of cathode systems, as indicated in Fig. 5 in the
complex plane impedance Nyquist plot. EIS data are more
informative than ohmic resistance (R) based conductivity data,This journal is ª The Royal Society of Chemistry 2013because the EIS data can reveal information on the movement
and localization of charge carriers, their frequency dependence
and relationship with other impedance components, namely
capacitance (C) and inductance (L). Upon close scrutiny of the
plot, there is an obvious increase in linear conductivity, with a
30% decrease in ohmic resistance coupled with a pronounced
decrease in capacitance, which is revealed by the depressed
semicircle with 50% drop in the y-axis value for the LiFePO4/
C–MWCNT cells. The drop in capacitance observed is a clear
indicator of the delocalization of charge owing to the easy
conducting path for the free ow of charge. The drop in the
electrode–electrolyte charge transfer resistance (Rct) suggests a
signicant increase in conductivity, which can be rationalized
by the enhanced conductivity of the electrode when networkedJ. Mater. Chem. A, 2013, 1, 15397–15405 | 15401
Table 1 Solid state impedance (ﬁtted) characteristics of LiFePO4/C + SP-carbon + PVdF vs. LiFePO4/C–MWCNT + SP-carbon + PVdF cathode systems
a
Sample
no. Electrode system
Impedance components: L
(H), C (F), R (U) Phase element (F) Remarks
(i) LiFePO4/C + SP-carbon +
PVdF
L1 ¼ 17.28  106, L4 ¼ 208
 106, C1 ¼ 31.29  1012,
C5 ¼ 9.5  1012, R1 ¼ 945,
R2 ¼ 10.2  106, R3 ¼ 14.07
 102, R4¼ 30.79 102, R5¼
13.876  103, +C1 ¼ 20.6 
109, +C2 ¼ 7.32  106,
+R1 ¼ 2060, +R2 ¼ 72.02
Q3 ¼ 20.91  109, a3 ¼ 0.92 Several capacitor elements –
multiple localization of
charge; 3-fold increase in
capacitance, +C2 pronounced
charge build-up, high ohmic
resistance – restricted charge
ow.
(ii) LiFePO4/C–MWCNT + SP-
carbon + PVdF
L1 ¼ 0.98  106, L3 ¼ 1.36
 103, C4 ¼ 5.28  109,
R1 ¼ 6.24, R2 ¼ 590.5,
R3 ¼ 21.07, R4 ¼ 189.8
Q1 ¼ 95.51  109, a1 ¼ 0.89 Low ohmic resistance –
facilitates charge ow; single
capacitor with low negative
value, free ow of charge/
release.
a SP-carbon: super carbon, PVdF: polyvinylidene uoride.
Fig. 5 Electrochemical impedance spectra of (i) Li vs. LiFePO4/C and (ii) Li vs.
LiFePO4/C–MWCNT cells with the ﬁtted equivalent circuit in the frequency range
of 100 kHz to 5 mHz (1 M LiPF6 in 1 : 1 EC–DMC solvents).
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View Article Onlinewith MWCNT, while the decrease in electrostatic capacitance is
more intriguing, that is, the decreased localization of electro-
static charge in the networked electrode material as a result of
the increased charge mobility in the presence of easy conduct-
ing pathways, which could result in the electrochemical
capacity enhancement as observed. Apart from these electro-
chemical impedance components, it can be seen that at the
high frequency end the electrolyte oﬀers a solution resistance
(Rs), while at the low frequency end the observed slanted line
prole can be attributed to the diﬀusion of Li+ ions through a
Warburg process (Zw). Summing up the results, the electro-
chemical capacity enhancement can be solely attributed to the
diﬀerent cathodes in the two cases, rather than from the other
identical constituents.Fig. 6 Voltage vs. capacity proﬁles of a Li vs. LiFePO4/C–MWCNT cell at C/10.3.3. Electrochemical performance of Li-ion half cells
For eventual application of any electrochemical materials
synthesized, charge–discharge studies hold the key to15402 | J. Mater. Chem. A, 2013, 1, 15397–15405determining their feasibility. With this objective in mind,
charge–discharge studies have been carried out for the Li-ion
cells. Using the charge–discharge voltage prole study, it is
possible to infer a at cell voltage of 3.4 V for the LiFePO4/C–
MWCNT at a C/10 rate aer 50 cycles (Fig. 6). These results
indicate that the synthesized sample exhibits superior target
phase formation, in agreement with the structural parameters
deduced by XRD. It is pertinent to highlight here the impor-
tance of correlating particle size versus phase separation in the
LiFePO4 system, to eventually determine the electrochemical
performance.32–34 Ichitsubo et al. have recently demonstrated
that smaller particles (<10 nm) exhibit a single phase reaction,
while larger particles (10–30 nm) exhibit phase separation to
LiFePO4 and FePO4 phases, indicated by the prominent cell
voltage plateau in the voltage vs. capacity prole.32 Hence it is
reasonable that the cathode particles in the present study with
sizes around 20 nm exhibiting a cell plateau region also show a
phase separated regime.This journal is ª The Royal Society of Chemistry 2013
Fig. 8 Capacity vs. cycle performance of the Li vs. LiFePO4/C–MWCNT cell at
diﬀerent rates: C/10, 1 C, 2 C, 3 C and 5 C in the voltage range from 2.5 to 4.5 V.
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View Article OnlineMore importantly, the LiFePO4/C–MWCNT electrode deliv-
ered an initial discharge capacity of 163 mA h g1 with an
irreversible capacity loss of 2 mA during the 1st cycle. The
charge–discharge capacities at the 50th cycle remained at the
same value of 157 mA h g1, thereby conrming the complete
Coulombic eﬃciency of this unique electrochemical system.
The capacity retention at the 50th cycle is about 96%. Inspection
of Fig. 7 and 8 suggests a pronounced increase in capacity with
good retention for the cell employing LiFePO4/C–MWCNT
(yielding 163 and 145 mA h g1 capacity) as compared to the
lower capacity (125 and 92 mA h g1) observed with the pristine
system at diﬀerent rates (C/10 and 1 C for the 1st cycle). In view
of the impressive rate capability results of the LiFePO4/C–
MWCNT cathode system, investigations were further extended
to 2 C (135mA h g1), 3 C (121mA h g1) and 5 C (103mA h g1),
at which the system showed remarkable stability aer 50 cycles.
The decrease in capacity at higher C-rate can be rationalized in
terms of limitations stemming from the poor electronic and
ionic conductivities of this LiFePO4/C–MWCNT system,
impeding the free ow of charge.3.4. Features and performance of Li-ion full cells
The application potential of the networked cathode materials
encompasses a range of cell voltages, safety issues and so on. In
terms of cell voltage, MCMB vs. LiFePO4/C–MWCNT oﬀers a cell
voltage of 3 V, while the Li4Ti5O12 vs. LiFePO4/C–MWCNT
couple provides a voltage of about 2 V, so the scope for the
application of these systems is broad. Bearing these important
issues in mind, two kinds of Li-ion full cells, using MCMB and
Li4Ti5O12 as anodes, have been fabricated as discussed below.
Electrochemical studies of the Li-ion full cells, MCMB vs.
LiFePO4/C–MWCNT and Li4Ti5O12 vs. LiFePO4/C–MWCNT,
made in our lab exhibited open circuit voltages of 0.2 and 0.37 V
respectively for these systems. Aer an aging period of 24 h,
these cells were used for further electrochemical studies. In
order to evaluate the electrochemical performance of the rst
kind of Li-ion full cell (MCMB vs. LiFePO4/C–MWCNT), it is
essential to pass through a formation cycle process at a lowFig. 7 Capacity vs. cycle performance of the Li vs. LiFePO4/C cell at diﬀerent
rates: C/10 and 1 C in the voltage range from 2.5 to 4.5 V.
This journal is ª The Royal Society of Chemistry 2013current rate of C/25 for the 1st cycle in constant current mode.
The formation cycle is essential for stabilization of the active
materials through solid electrolyte interface (SEI) lm forma-
tion in the cell.35,36 The SEI lm has the intrinsic advantage of
preventing further chemical reaction between the electrolyte
and the active materials. The life and discharge performance of
the Li-ion full cell are highly dependent on the SEI formed over
the carbon electrode (MCMB) during the formation process.
Hence, it is expected that the applied low current can produce a
denser SEI layer, which is advantageous for improving the
cyclability of the Li-ion full cell. The cell voltage vs. cell capacity
performance of the Li-ion full cell (MCMB vs. LiFePO4/C–
MWCNT) is shown in Fig. 9. There is a pronounced slope in the
cell voltage of cell due to the MCMB anode, which may lead to a
drop in capacity over several cycles.
On the other hand, in the case of the Li4Ti5O12 vs. LiFePO4/
C–MWCNT full cell, aer 24 h aging the charge–discharge
studies can be carried out directly as there is no SEI lm
formation.37 The cell voltage vs. cell capacity performance of theFig. 9 Cell voltage vs. capacity performance of the MCMB vs. LiFePO4/C–
MWCNT Li-ion full cell in the voltage range from 2.5 to 4.5 V at C/10.
J. Mater. Chem. A, 2013, 1, 15397–15405 | 15403
Fig. 10 Cell voltage vs. capacity performance of the Li4Ti5O12 vs. LiFePO4/C–
MWCNT Li-ion full cell in the voltage range from 1.0 to 2.5 V at C/10.
Fig. 11 Cell capacity vs. cycle performance of the MCMB vs. LiFePO4/C–MWCNT
and Li4Ti5O12 vs. LiFePO4/C–MWCNT Li-ion cells in the voltage range 2.5–4.5 V,
1.0–2.5 V, up to 100 cycles at C/10.
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View Article OnlineLi-ion full cell (Li4Ti5O12 vs. LiFePO4/C–MWCNT) is shown in
Fig. 10. Obviously, in this system the discharge voltage prole at
1.85 V is reasonably at over several cycles, suggesting the
remarkable cycling stability of the second kind of full cell.
Comparing the consolidated cell performance of these two
kinds of full cells (Fig. 11), the MCMB carbon-based full cell
appears to be marginally inferior (8% lower capacity) to the
Li4Ti5O12-based full cell in terms of cell capacity. These Li-ion
full cells (MCMB carbon and Li4Ti5O12) delivered discharge
capacities of 1.94 and 2.1 mA h (1st cycle) and 1.78 and 2.0 mA h
(100th cycle), respectively. Owing to the impressive capacity
retention, cycling studies were limited to 100 cycles.4. Conclusions
Small particles of olivine LiFePO4/C of around 20 nm in size
have been synthesized employing sol–gel route and using adipic
acid as a chelating agent. To achieve high electrochemical15404 | J. Mater. Chem. A, 2013, 1, 15397–15405capacity for use in Li-ion batteries, the as-synthesized cathode
materials were networked with MWCNTs. The study based on
the solid state impedance characteristics of the olivine LiFePO4/
C cathode illustrated the importance of a highly electronic
conducting path, realized through the networking of the
cathode material with MWCNTs. In the absence of an eﬃcient
conducting path the charge is localized/trapped at the inter-
and intra-grain boundaries and the core regions of the cathode
particles, eventually resulting in low capacity. Also, the study
based on the complete electrode systems may be helpful for
optimizing the cell performances of electrode materials. For
reasons of completeness encompassing safety, cell voltage etc.,
the thus-synthesized networked cathode materials have been
used in the fabrication of MCMB vs. LiFePO4/C–MWCNT and
Li4Ti5O12 vs. LiFePO4/C–MWCNT full cells, and exhibited
discharge capacities of 1.94 and 2.1 mA h, respectively.Acknowledgements
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